Introduction
Carbon (C) storage and sequestration in agricultural soils is an important issue in the study of terrestrial carbon C and global climatic change [21] . China is the world's most populous country and a major emitter of greenhouse gases (GHGs) [31] . It is currently facing the dilemma of climate change mitigation caused by a strong increase in GHG emissions due to a rapid industrialization [19] , and the increasing food demands to feed 22 % of the world's population with merely only 7 % of the world's arable land area. Thus, identification of accurate calculation of soil organic carbon (SOC) pool sequestration potential at region scale in China is the basis to solve this dilemma.
Some research has been conducted at field, regional, and national scales in China to estimate SOC pool, and the potential of SOC sequestration in arable lands [3, 5] . Based on the total area of soils of China of 9.281 9 10 6 km 2 from the Second National Soil Survey (SNSS) conducted by the Ministry of Agriculture SNSS data of the 1980s, Yu et al. [41] estimated the total SOC pool at 89.14 Pg (1 Pg = 10 15 g) and a mean SOC density of 96.0 Mg C ha -1 . Li et al. [25] estimated that the total SOC and soil inorganic C(SIC) pools in China to 1-m depth were 382.1 Pg. Huang et al. [13] estimated increase in China's SOC pool by 311-401 Tg year -1 using the data from 132 published papers in China. Piao et al. [31] estimated a net sink of 0.19-0.26 Pg C year -1 in terrestrial ecosystems of China during 1980s and 1990s. Yu et al. [40] estimated the SOC pool in Mollisols at 646.2 Tg C and the potential sequestration of 2,887.8 kg ha -1 . All the research computed these estimates on the basis of biomass, soil C inventories in the past, or for a range of management including conservational and conventional tillage, not on the basis of the rate of SOC pool in crop land. However, the accomplishment of the China's food security has strongly been affected by agricultural intensification especially through application of high rates of the chemical fertilizers.
The effects of diversity fertilizer managements at region scale are very important to accurate calculation of SOC pool in China. There are also attempts to estimate the SOC pool in relation to the rate of fertilizer use on arable lands in China. Some studies have estimated the SOC pool on the basis of the rate of change of SOC pool using the data from published papers about the antecedent and finial values under long-term experimental sites [27, 32, 37] . Wang et al. [36] reported that SOC increased over time with use of fertilizer, and relative annual change (RAC, g kg -1 year -1 ) ranged from -0.14 to 0.60 (0.13 on average) for dry cropland soils, and from -0.12 to 0.70 (0.19 on average) for paddy rice soils. Using the denitrification-decomposition (DNDC) model and different fertilizer scenarios, Wang et al. [35] estimated change in SOC pool over 20 years by -1,000 to 200 kg C ha -1 year -1 in northern China, compared with the only -70 to 26 kg C ha -1 year -1 in southern China. Pan et al. [29] estimated the increase in SOC pool by 0.3 Pg in irrigated paddy rice soils of China compared with that in soil under crop land condition. Lu et al. [27] reported that the present rate of N fertilizer use in China can sequester *6 Tg C year -1 with a potential of 12.1 Tg C year -1 through adoption of recommended management practices (RMPs). However, there are significant variations in the rate of SOC sequestration [15, 20] , which might also be considered. These variations are attributable to the experimental duration and diverse fertilizer management [17] , and numerous soil and site-scale factors. Thus, estimating SOC pool with due consideration to the fertilizer management in different soil types at region scale is important to identify the technological options for sustainable management.
Based on the paired data from 137 sites with varying N rates and 161 sites with contrasting tillage systems, Alvarez [1] reported strong effects of soil and climatic factors. Several long-term studies have indicated the positive response of SOC pool to fertilizer use [14, 16, 27, 43] . Cai and Qin [2] reported a significant but a logarithmic relationship between roots and compost input and SOC concentration, and concluded that the SOC pool in 0-20 cm depth decreased by 1.6 Mg C ha -1 in NK treatment in the HHH. Ma et al. [28] reported that combined use of inorganic fertilizer and manure can significantly increase the SOC pool compared with the unfertilized control. The data from a long-term field experiment in Fengqiu showed that the rate of change in SOC pool depends on the kind of fertilizer, application of balanced or unbalanced chemical fertilizers, the rate of fertilizer applied in the antecedent SOC pool, and the duration of fertilizer use [8] . However, there is a lack of data based on systematic and long-term studies on change in SOC pool in response to diverse fertilizer management practices at region scale in China.
The Huang-Huai-Hai plains (HHH) is the primary wheat (Triticum aestivum)-maize (Zea mays) cultivation area in China. It comprises *16 % of China's cropland [12, 24] , accounts for [40 % of China's wheat production, and supports a large farming population [11] . A series of longterm experimental sites were initiated in 1979 to assess the effects of fertilizer management on the crop yield and SOM concentration. The hypothesis of this article is that the increase in SOC pool in HHH region has been strongly affected by different fertilization, thus the effects of diversity fertilizer managements give the scientific basis to accurately calculate SOC pool in the HHH region. Therefore, the objective of this study is to assess the long-term effects of diverse fertilizer management practices on the SOC pool and sequestration rate in the HHH of China.
Materials and Methods

Study Area
The HHH plains, located in northern China, are formed by alluvial sediments deposited by three rivers (i.e., the Huang River or Yellow River, Huai River, and Hai River) (Fig. 1) . These are the largest plains and constitute an important agricultural region in China, covering 320,000 km 2 , with 18.67 million ha (M ha) of farmland and a population of 200 million [6] . The region is characterized by intensive use of irrigation and chemical fertilizers, and the predominant cropping system in the region is double-cropping of winter wheat and summer maize. The SOC concentration was measured for soils from different long-term experimental sites in the HHH (Fig. 1 ).
Climate and soil properties of sites are shown in Table 1 . The annual rainfall ranges from 461.9 to 837.3 mm, the annual accumulative temperature from 4,874.0 to 5,368.2 degree days, and the annual average temperature from 12.8 to 14.6°C [12] .
Treatment and Sites
Eight control and twenty-eight different chemical fertilizer treatments at eight experimental sites in the HHH were grouped into 7 categories (Table 2) 225(K4), and 250(K5) kg ha -1 . The specific fertilizer treatment was uniform numbered, according to the rate of application fertilizer at 8 sites (Table 2) .
Winter wheat was irrigated 2-3 times and maize 1-2 times depending on the precipitation. The volume of water used for each of irrigation was 900 m 3 ha -1 (9 cm) to 1,200 (12 cm) m 3 ha -1 . Herbicides and pesticides were applied to control weeds and reduce the insect pressure, respectively. Organic and chemical fertilizers including P, K were applied as basal dose, 1/3-2/3 part of N was applied as basal dose and the other part as top dressing for wheat. All the chemical fertilizers were top dressed for maize.
Soil Sampling and Analysis
Experimental plots varied from 1 to 3 for every treatment across the long-term experiments. However, the plot area varied from 40 to 100 m 2 [9, 26, 38, 39, 42, 44] . Soil samples for assessing the SOC concentration were obtained from 0 to 20 cm depth for all sites before the harvest of wheat every year between 1980 and 2003. There soil samples were selected to analyze SOC concentration. The SOC concentration was determined by the wet combustion method [34] , bulk density by the core method [33] , and texture by the hydrometer method [7] . Soil texture ranged from silty clay loam, loam, silt loam to loam. The data on SOC concentration were normalized and converted to SOC pool [25] using Eq. 1:
where SOC concentration is in g kg -1 , and soil bulk density (SBD) is in Mg m -3 , change in SOC pool in treatments was computed with reference to the control (CK) using Eqs. 2 and 3:
where SOC TR is the change in SOC pool under specific treatment (TR) in comparison with that under CK. SOC TR is the net change in SOC pool. Thus, all the SOC in different fertilizer treatments can be compared with each other across the HHH. SOC TI is the change in SOC pool during the experimental period under different treatments in comparison with the antecedent SOC i value (soil organic carbon for the first 3 years during long-term experiments).
The steady state rate (SR) and average rate (AR) of SOC change were calculated using Eqs. 3 and 4: 
where SOC i is SOC pool at the onset of the experiment and SOC f is the final SOC pool after t years of experiment, SOC s is the steady (mean) state of SOC pool during the experimental period.
Data Processing and Statistical Analysis
Data were organized into 36 different sub-treatments according to the rate of application of N, P, and K among eight long-term experimental sites. The data of SOC pool for all the treatments were computed for mean and standard deviation (X AE SD). The SOC trend line for different treatments was computed using Microsoft Excel 2007. Figures and tables in this manuscript were formulated based on the different combinations of application rate of N, P, and K. Significance of differences at P \ 0.05 and P \ 0.01 among treatments in different long-term experiment sites was tested using the SPSS (Version 13.0).
Results and Discussion
SOC Pool under Diverse Chemical Fertilizer Managements Across HHH
Statistical analyses of 465 data from 36 different treatments at eight long-term experiential sites are shown in Table 3 . The mean SOC pool in 0-20 cm depth for N, P, NP, NK, PK, NPK, and CK categories was 20.4 ± 1.8, 20.1 ± 1.7, 20.3 ± 2.0, 20.3 ± 1.1, 19.5 ± 0.8, 21.2 ± 1.2, and 18.9 ± 1.8 Mg ha -1 , respectively. The SOC pool for N, P, NP, NK, and NPK land use and managements differed significantly from that of CK; that for N, NP, NPK from that of PK management; and that for N, NP, P, NP, PK from that of NPK treatments. The maximum SOC pool was observed for the NPK, and the least for the CK treatment. The SOC pool was in the order of
The trend of change in SOC pool for different categories showed that the N fertilization management strongly influenced SOC sequestration potential in the HHH. The data presented indicated that SOC pool can be increased by increasing the application rates of N fertilizer.
Statistical analysis of 64 datasets for N, 39 for P, 178 for NP, 8 for NK, 8 for PK, 58 for NPK, and 110 SOC pool data for CK treatments among eight long-term experiential sites is shown in Fig. 2 . The SOC pool in Xuzhou site differed significantly from that in other seven sites for the CK treatment. The SOC pool in different sites ranged from 15.6 ± 1.1 to 20.6 ± 1.4 Mg ha -1 across the HHH. The maximum value of SOC pool was 20.6 ± 1.4 Mg ha -1 in ZhengzhouA, and the least of 15.6 ± 1.1 Mg ha -1 for the Xuzhou site. The mean SOC pool for CK was 18.9 ± 1.8 Mg ha -1 , which is the baseline value for arable land without any fertilizer input in 1980s in the HHH. The soil C sequestration (SCS) potential for different fertilizer management treatments can be computed with reference to the baseline SOC pool for cropland soils of the region.
The SOC pool in relation to N fertilizer management consists of 5 different treatments including application rates of 135, 240, 270, 300, and 330 kg ha -1 . The corresponding SOC pool ranged from 18.1 ± 0.8 to 21.7 ± 0.8 Mg ha -1 , with an average of 20.4 ± 1.8 Mg ha -1 . The SOC sequestration potential in croplands for different N fertilizer use in the HHH can be estimated using the baseline value for the CK management.
The SOC pool for NP fertilizer management consists of 13 different combined N and P fertilizer treatments with the application rates of 90, 135, 180, 240, 270, 300, 330, and 360 kg ha -1 for N fertilizer, and seven P fertilizer application . The magnitude of SOC pool for NP fertilizer management is similar to that of N fertilizer management. The data presented show that the rate of N application influenced the SOC pool more than that of P application.
The SOC pool for NPK fertilizer management is based on 5 treatments, with application rates of 240, 270, 300, and 330 kg ha -1 for N fertilizer; 82.5, 120, 135, and 150 kg ha . The SCS rate was higher when N was used in combination with P and K than for those with application of either of these fertilizer alone.
The trends of change in SOC pool for N2, N4, N5, N6, and N7 treatments corresponding with NP and NPK fertilizers under different application rates of N fertilizer are shown in Fig. 3 sequestration for the combined application of chemical fertilizers was higher than that for the application of N fertilizer. The data based on 36 treatments represent the SOC response to diverse fertilizer management practices, and diversity of land uses and management in the HHH [18, 19] . The SOC sequestration potential for diverse fertilizer management can be calculated using the baseline SOC pool and the specific values for 28 different chemical fertilizer treatments. The effects of long-term use of chemical fertilizer on SOC pool provide a credible basis to accurately estimate the SOC pool and SCS in the HHH. The data presented indicate that higher application rates of N fertilizer enhance the SOC s in the HHH of China [27, 30] .
Effects of Chemical Fertilizer Managements on SOC Pool Compared with CK
The SOC Tr pool for different fertilizer treatments was computed but using the corresponding CK treatment as baseline to understand possible mechanisms of change in SOC pool (Fig. 4) . Any change in SOC pool is the net result of input and output. For the chemical fertilizer treatments without application of organic manure, input of C were those from roots, root exudates, and straw. The input from below-ground root biomass is important. The research data about the rate of root and shoot biomass production and input are important to assess the net impact Tables 1 and 2 . Mean followed by lower difference letter differ from one another at 5 % level of probability for different treatments within the same categories, the capital difference letter for the different categories on SOC pool. The root:shoot ratio is strongly impacted by the availability of plant nutrients (i.e., N, P, K). Accordingly, the data show that the SOC pool was in the order of NPK [ NP [ N[CK across the HHH. Further, The SOC pool increased with application of P and with increase in the rate of N use. However, the maximum increase in SOC pool was observed for the combined use of NPK fertilizer. These results are similar to those reported by Kukal et al. [20] , who observed that the total above-ground biomass production was much more with integrated (NPK) nutrients management than that with unbalanced use of N, P, and NP fertilizer. The HHH has a long history of cultivation, and soil fertility declined due to the low fertilizer inputs from 1960 to 1980 [24] . These trends in SOC pool in cropland soils of the HHH ecosystem are similar to those of cultivated soils of South Asia and Sub-Saharan Africa where the decline in SOC pool has caused an attendant decline in soil quality [22, 23] . Long-term use of extractive farming practices without fertilizer input and using crop residues as fuel exacerbated the decline of soil fertility across the HHH. Application of N, P alone or combined N, P, and K greatly improved crop yields along with the high amount of root biomass added to the soils. The high amount of roots and root exudates increased with the increase in SOC pool and also improved soil fertility even without the use of any organic fertilizer inputs. Consequently, the rates of application of N and P fertilizer have increased in the entire HHH. These studies indicate the reason of increase in the SOC pool from 1980s to 2000s in cropland soils of China [13, 31] .
Regression equations depicting change in SOC pool with increase in application rate of N and P use for N and NP fertilizer management treatments compared with CK for the experimental period are shown in Fig. 5 . There was a linear trend of increase in SOC pool with increase in N, P, and NP land uses and management treatments. The SOC pool was greatly enhanced by the increase in application rate of N and P fertilizers.
The effects of long-term application of chemical fertilizer on SOC pool among eight experimental sites in the HHH substantiate the hypothesis that the high application rates of chemical fertilizer is an important strategy to improve soil fertility and meet the demands for wheat and maize. The data presented indicate that SOC sequestration potential strongly depends on the type (formulation) and rates of fertilizer use in the HHH. The linear increase in the SOC pool with increase in the application rates of N and P fertilizer provides a reliable basis for obtaining accurate estimates of SOC pool across the entire HHH.
Effects of Long-Term Chemical Fertilizer Management on SOC Pool
Changes in SOC pool with reference to the antecedent as baseline pool were also computed to understand different mechanisms in relation to experimental duration. Of all the 28 chemical fertilizer treatments, the SOC pool increased in 7 treatments and decreased in 21 treatments over times. The magnitude of decrease in SOC pool ranged from -1.5 Mg ha -1 in N2 to -0.2 Mg ha -1 in PK treatment. In comparison, the magnitude of increase in SOC pool ranged from 0.2 Mg ha -1 in N5P6 to 1.9 Mg ha -1 in N5P6K3 treatment. The SOC pool decreased among all categories but for the P treatments (Fig. 6 ). This trend indicates that the antecedent SOC pool was more than the finial pool after The regression equations relating SOC pool to time for different application rates of N and P fertilizer are shown in Fig. 7 . There was a linear trend of increase in SOC pool with increase in the rates of N and P use for N, NP, and NPK fertilizer management treatments. Although, the magnitude of SOC pool is determined by the antecedent value and the cultivation duration, the SOC pool increased with increase in application rates of fertilizer. Combined application of N, P, and K and the higher application rates are necessary to enhancing the SOC pool. Thus, land managers have adopted higher rates of fertilizer use in general [18] , and specially in the HHH [4, 10] .
The Rate of Change of SOC Pool under Diverse Chemical Fertilizer Management
Of the total of 36 treatments involving 28 diverse chemical fertilizer managements at eight long-term experimental sites, increase in SOC pool was observed in 9 treatments (25 %) and decrease in 19 treatments (75 %). The steady rate (SR) and average rate (AR) of change in SOC pool among treatments shown in Fig. 8 indicate that the AR of change in SOC pool was -250.0 to 270 kg ha -1 year -1 , and the SR of change was -253 to 142 kg ha -1 year -1 . The SOC pool declined with the chemical fertilizer management except for N7, N7P6, N8P7, N5P6K3, and N6 treatments. This rate of N, P, and K fertilizer is the threshold value for increasing the SOC pool with chemical fertilizer management in the HHH. Increase by 3.7 Mg C ha -1 in NPK, but (2) . Increase in SOC pool by continuous application of fertilizers in NPK over the initial baseline content was also reported in India [33] .
These data present indicate that a suitable treatment for sustainable management of SOC pool was NPK. The threshold of application rates of chemical fertilizer for increasing the SOC pool was 270 for N, 150 for P, and 150 g ha -1 for K. The rate of chemical fertilizer can substantially increase the SOC pool and also sustain it at a higher level of 40 Mg C ha -1 in the HHH. Using these experimental rates of change in SOC pool for 36 diverse treatments can provide accurate estimation of SOC pool and sequestration rate in the HHH.
Discussions
The data presented show the effects of different fertilizer management on the SOC pool for the 0-20 cm only. The diversity rates of SOC pool in this article give the specific basis for calculating SOC pool under different fertilizer managements under different soils and climates in the HHH region. However, if we want to find the mechanism of soil carbon sequestration in detail in this region, the balance C on the basis of input and output should be further studied, because soil carbon pool is strongly affected by net primary productivity, texture (clay content) [19] , and temperature and rainfall.
Linking agricultural nutrient system with economic development indicated that the agricultural pool has been depleted in cropland soils of many developing countries (19) , particularly those in sub-Saharan Africa (20) . The reason is the low inputs of nutrients that are inadequate to maintain soil fertility. However, nutrients harvested must be replaced to ensure food security [21] . The data presented show that an integrated and balanced application of fertilizers composed of N, P, K in China not only ensured its food security, but also increased SOC pool in major farmlands except for Northeast China [30] . These data show a linear increasing trend between SOC pool and the application rates of N fertilizer in different soil types in the HHH region. The SOC pool (and soil quality) in the HHH is relatively lower than that in northern and southern China [30] . However, only the application of combined N, P, and K can enhance SOC pool to the high level.
The sustainable fertilizer management, similar to those of NPK, can restore the SOC stock to above the threshold level and also improve crop yields. Therefore, integrated chemical fertilizer N, P, and K management (NPK) is the best choice for the developing countries to advancing food security while mitigating climate change.
Conclusions
Experimental data based on 36 treatments implemented at eight different long-term field experimental sites in the HHH support the following conclusions.
The SOC pool was in the order of NPK [ N[NP [ NK [ P[PK [ CK, and the best treatments was NPK for increasing the SOC pool in HHH.
Although SOC pool is determined by the antecedent baseline value and the experimental duration, higher application rates of N, P and combined chemical fertilizer can increase SOC pool to a higher level. There was a linear increase in SOC pool with increase in the rate of N fertilizer used either alone or in combination with P. The threshold application rates of chemical fertilizer in treatment of NPK for increasing the SOC pool was 270 for N, 150 for P, and 150 kg ha -1 for K. The rate of chemical fertilizer can substantially increase the SOC pool and also sustain it at a higher level of 40 Mg C ha -1 in HHH. The rate of change of SOC pool was -250.0 to 270 kg ha -1 year -1 for AR and -253 to 142 kg ha -1 year -1
for SR. The threshold rate of chemical fertilizer for increasing the SOC pool was 270 for N, 150 for P, and 150 kg ha -1 for K. The experimental data on SOC pool, SOC sequestration, and the rate of change for 36 diverse treatments provide a credible basis for estimation of SOC pool and the rate of SOC sequestration in the HHH. Thus, judicious use of chemical fertilizer is an important strategy to enhance SOC sequestration and sustain high crop production across the HHH of China. 
